The recent advent of ultra high frame rate cameras gives rise to the possibility of constructing swept source full-field OCT systems with achievable volume rates approaching 10Hz and net A-scan rates approaching 10MHz. Unfortunately, when illuminated with partially coherent light, full-field OCT in turbid media suffers resolution and SNR degradation from coherent multiple scattering, a phenomenon commonly referred to as crosstalk. As a result, most FFOCT systems employ thermal sources, which provide spatially incoherent illumination to achieve crosstalk rejection. However, these thermal sources preclude the use of swept source lasers. In this work, we demonstrate the use of a carefully configured FFOCT system employing multimode fiber in the illumination arm to reduce the spatial coherence of a partially coherent source. By reducing the coherence area below the system resolution, the illumination becomes effectively spatially incoherent and crosstalk is largely rejected. We compare FFOCT images of a USAF test chart positioned beneath both transparent and turbid phantoms using both illumination schemes.
MOTIVATION AND BACKGROUND
Full-field optical coherence tomography (FF-OCT) confers many advantages over the more common point-scanning OCT in that it employs a simpler optical setup, does not require scanning optics, and can be more easily incorporated into a traditional optical microscope [1] [2] . However, FFOCT has been unable to benefit from the speed and sensitivity advantages of Fourier domain OCT methods 3 (spectral domain OCT and swept source OCT); it is incompatible with the former, and low area CCD frame rates were, until recently, too slow for the latter to be of practical use in living subjects due to fringe washout issues. Furthermore, a phenomenon referred to as crosstalk severely limits the resolution and SNR of FFOCT in turbid media and biological samples when spatially coherent sources are used [4] [5] . Full-field swept source
OCT systems have previously been demonstrated, but due to the relatively low frame rate cameras used, volume acquisitions required integration time on the order of a minute [6] [7] . The recent advent of high speed cameras achieving frame rates approaching 10 kHz effectively resolves the low frame rate limitation. These cameras have the potential to revolutionize OCT technology. For example, a 1.0MP camera operating at 10 kHz could achieve a 10Hz volume rate and 10MHz net A-scan rate, assuming 1000 spectral channels. This represents more than an order of magnitude improvement over current state-of-the-art systems 8 .
Before such systems can be implemented, the technical challenges associated with FFOCT must be addressed, the most problematic of which is crosstalk. Crosstalk originates in highly scattering samples when multiply scattered photons reach the image plane after travelling a pathlength that matches that of the sample depth within a coherence length Previous studies have demonstrated complete crosstalk rejection in FFOCT by using spatially incoherent illumination from a thermal source 2, [4] [5] . These thermal sources are, of course, incompatible with SSOCT, and thus in order to achieve crosstalk rejection in FFSSOCT, a means of reducing the spatial coherence of a coherent source is required. The use of a multimode fiber and a partially coherent source for OCT illumination has been previously demonstrated to reduce speckle in OCT images 9 . Also, the use of a multimode fiber and an acoustic mode mixer has been demonstrated to mitigate crosstalk by averaging out speckle patterns over long acquisitions 7 . In this work, we demonstrate the use of a long, large diameter core, high numerical aperture multimode optical fiber to remove speckle and crosstalk from OCT images without the need for temporal averaging or acoustic mode mixing. We compare this technique with standard spatially coherent illumination in both scattering and non-scattering samples.
THEORY
For a step-index multimode fiber, the complex degree of mutual coherence of two points on the fiber endface at the same instant in time is given by 10 :
where Δr is the separation between the two points, J 1 is a Bessel function of the first kind, k 0 is the wavenumber in vacuum, and NA is the numerical aperture of the fiber. The coherence area is commonly defined as the region over which the complex degree of coherence exceeds 0.88, i.e. when the argument of the Bessel function in equation 1 less than unity 11 . In order for strong interference to occur between two points, the points cannot be separated by more than the radius of the coherence area. Furthermore, if the coherence area of the illumination on the sample is smaller than the system resolution, the illumination can be treated as spatially incoherent 12 .
Equation 1 is only valid under the assumption that there are no intermodal interactions; that is, we assume the modes propagating in the fiber are mutually incoherent. This assumption is valid for fibers that are sufficiently long such that the distance travelled by each mode differs from that of every other mode by at least a coherence length 10 . Using a geometric argument, we derived this minimum distance to be:
where l c is the source coherence length and N is the number of modes supported. If these conditions are met, the tip of the multi-mode fiber can be treated as a spatially incoherent extended source. This source can then be used in a Koehler illumination scheme, which results in the same complex degree of coherence, and thus the spatial coherence properties, as if the fiber were imaged onto the sample (i.e. critical illumination) 13 .
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For our system, equation 1 yields a coherence area radius of 0.275μm on the fiber, or 2.95μm on the sample. As the coherence area is smaller than the system resolution, the illumination can be effectively treated as completely spatially incoherent. The fiber used in our set-up supports over 50,000 modes for the source used. From equation 2, we determined that a fiber length of at least 10m would be required, and thus selected a fiber twice as long to ensure complete mode separation.
To resolve phase and fringe visibility, we translated the piezoelectric actuator in four discrete 90-degree steps.
Amplitude and phase maps can then be extracted as discussed in [14] [15] . To demonstrate crosstalk rejection, we imaged a 1951 USAF resolution test chart beneath a 5mm thick, 5 mean free path (round trip) scattering phantom consisting of 1μm microspheres suspended in water. The sample properties were selected to increase the potential for crosstalk.
RESULTS
The setup shown in figure 2 
CONCLUSION
We have demonstrated the use of a spatially incoherent illumination scheme employing a partially coherent source and a multimode fiber. This scheme was shown to effectively reject crosstalk in scattering samples and prevent the associated loss of resolution. This technique demonstrates a solution to a major obstacle in implementing high speed FFSSOCT.
